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Background and purpose   The micro-architecture of bone has 
been increasingly recognized as an important determinant of bone 
strength. Successful operative stabilization of fractures depends 
on bone strength. We evaluated the osseous micro-architecture 
and strength of the osteoporotic human femoral head.
Material and methods   6 femoral heads, obtained during 
arthroplasty surgery for femoral neck fracture, underwent micro-
computed tomography (microCT) scanning at 30 μm, and bone 
volume ratio (BV/TV), trabecular thickness, structural model 
index, connection density, and degree of anisotropy for volumes of 
interest throughout the head were derived. A further 15 femoral 
heads underwent mechanical testing of compressive failure stress 
of cubes of trabecular bone from different regions of the head. 
Results   The greatest density and trabecular thickness was 
found in the central core that extended from the medial calcar 
to the physeal scar. This region also correlated with the great-
est degree of anisotropy and proportion of plate-like trabeculae. 
In the epiphyseal region, the trabeculae were organized radially 
from the physeal scar. The weakest area was found at the apex 
and peripheral areas of the head. The strongest region was at the 
center of the head. 
Interpretation   The center of the femoral head contained the 
strongest trabecular bone, with the thickest, most dense tra-
beculae. The apical region was weaker. From an anatomical 
and mechanical point of view, implants that achieve fixation in 
or below this central core may achieve the most stable fixation 




widely  used  to manage  osteoporotic  proximal  femoral  frac-
tures. It is estimated that between 5% and 16% of fixations fail 
(Parker 1992). The most common mode of failure is supero-
lateral  cut-out  of  the  screw  (Haynes  et  al.  1997). There  are 
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We performed  2  experiments  based  on micro-architecture 
and failure stress to investigate the osseous micro-architecture 





We obtained  approval  from  the Research Ethics Committee 
for use of discarded bone material (LREC 2002/1/22). Femo-
ral heads were obtained from 6 patients (5 women) who had 
sustained  an  osteoporotic-type  proximal  femoral  fracture, 
requiring arthroplasty. Patients were excluded if a pathologi-
cal  etiology  (tumor)  was  suspected  or  if  they  were  unable 
to  consent  through cognitive  impairment. Mean age was 72 
(61–83) years. To preserve  the  trabecular architecture of  the 
femoral  heads,  they were  removed  during  the  surgical  pro-
cedure without use of a “corkscrew” instrument. The sample 
was stored in formaldehyde prior to scanning. 



























index  (SMI),  connectivity  density  (Conn.D),  and  degree  of 
anisotropy (DA) (Table 1) These  indices were calculated by 









Table 1. Micro-architectural indices measured for each volume of interest (VOI)
 
Micro-architectural index Abbrev. Unit Description
Percentage bone volume BV/TV % Measure of the ratio of solid to space within a given volume 
   surrogate parameter for bone  strength (Legrand et al. 2000)
Trabecular thickness Tb. Th mm The width of the trabecular—important for determining structural 
   integrity (Tanck et al. 2009) 
Structural model index SMI None Indicates relative presence of rods, plates, or cylinders in a 3D
   model (Hildebrand and Ruegsegger 1997). Plate 0, rod 3,  
   sphere 4 (Skyscan 2010)
Degree of anisotropy  DA None Measure of how well orientated a microstructure is within a given 
   volume (Cotter et al. 2009)
Connectivity density Conn.D mm-3 Number of connections between trabecular structures in a given 
   volume—a good measure of bone structure (Fajardo and Muller 
   2001)
Figure 1. Arrangement of volumes of interest (VOIs) on 2 planes 
orthogonal to the neck axis (z-direction). Plane 1 was located orthogo-
nal to the neck axis halfway between the center of the head and the 
apex. Plane 2 was located similarly at the center of the head. The 
center was defined as the center of the largest sphere that could be 
































were  allowed  to  acclimatize  to  ambient  temperature  before 
testing. The specimens were kept moist at all times. 
We used a custom-designed cutting jig to make two 10-mm 
thick discs  from  the  femoral heads  that corresponded  to  the 
locations described above. Cubes of bone of dimensions 10 





dimensions of  the cube face  to be  tested were confirmed by 
averaging 3 readings taken with a micrometer caliper. 
The cubes were positioned between horizontal plates on a 
Zwick  Roell  mechanical  testing  apparatus.  The  cubes  were 
compressed  by  2  mm  under  displacement  control  at  a  rate 
of 1 mm/s and data points were recorded for every 0.1 s, 0.1 
mm of displacement, and 0.1 N force  increment. The cubes 
were  loaded  in  the  z-direction. A dataset was  generated  for 
each  head  that  recorded  applied  force  versus  displacement. 
We  determined  the  failure  force  from  a  force-displacement 
graph;  this was  defined  as  the  point where  no  further  force 
was required to produce further displacement of the bone. The 




We  could  not  check  data  from  experiment  1  for  normality 
because  of  the  low  number  of  samples. We  therefore  used 
non-parametric  tests.  For  the  bone  volume  ratio,  trabecular 




multiple  comparison  test  with  a  Bonferonni  adjustment  of 
subsequent p-values to identify which cubes were statistically 
different from the central (cube 14) area. 
For  experiment  2, we  performed  a  Shapiro-Wilk  test  and 
this showed the data to be normally distributed. A repeat-mea-


















Figure 3A). The  trabecular  thickness  in  this  cube was  simi-
larly higher than all other cube locations (Figure 3B and C). 
Cube location 14 showed the lowest SMI (p < 0.001) (Figure 
4).  This  suggests  that  trabeculae  in  this VOI  had  plate-like 
morphology.  There  was  no  significant  variation  in  the  DA 
(Figure 5, see supplementary data) but the lowest anisotropy 
occurred  in  cube  locations  5  and  14,  corresponding  to  the 






The  largest  failure  stress was  observed  in  cube  location  14 
(central). The  failure  stress varied  throughout  the head  (p = 
0.002) (Figure 7). The central area was significantly stronger 










These  areas  are  associated  with  transfer  of  stress  from  the 
acetabulum to the femoral diaphyses. Homminga et al. (2002) 
suggested  that osteoporotic  femoral heads have overadapted 
strength  in  the  primary  loading  direction  at  the  expense  of 






that  describes  cumulative  distance  on AP  and  lateral  radio-
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Figure 2 A. Bone volume to total volume ratio (BV/TV, with 95% CI) at 
different sites in the femoral head (%). B and C. 3-dimensional repre-
sentation of BV/TV distribution throughout femoral head.











Figure 3. A. Trabecular thickness (Tb.Th, with 95% CI) at different sites 
in the femoral head. B and C. 3-dimensional representation of trabecu-
lar thickness (Tb.Th.) distribution throughout femoral head.


















recommended  avoiding  the  superior  segments  of  the  head 
(Pervez et al. 2004) while others have proposed that placing 
the lag screw in the inferior or central part of the femoral head 
can give  favorable outcomes  (Hsueh et  al. 2010). The  latter 
authors,  in  the  largest  series  to  date,  reported  the  results  of 
937 patients over a 4-year period. They reported a prevalence 
of cut-out of 7%. They found that the best outcomes were for 




radiograph,  there  is no attempt  to quantify  lateral  to medial 










































tral  or  inferior  placement  in  the  coronal  plane  and  central 
placement in the sagittal plane. 
The SMI was most plate-like in the central volume of inter-
est  (VOI), while 3 of  the parameters measured  in  this study 
(Tb.Th, SMI, and BV/TV) indicated that the weakest bone is 
in  the  inferior VOIs of  the head, a site  that 3 papers recom-
mend as an optimum position for the lag screw. One explana-
tion for this discrepancy would be that as an inferiorly placed 





We  could  not  quantify  the  trabecular  orientation  in  this 
study.  This  factor  may  be  important  in  predicting  failures. 
Where  screws  are  placed  on  or  below  the  neck  axis,  with 
screw  threads  engaging  the  weight-bearing  trabecular  net-
work, TAD may be less important. The positioning of screw 






porosis,  the principal  compressive  trabeculae  remain  (Singh 
et al. 1970). 
We  postulate  a model  of  femoral  head  structure whereby 
the strongest bone is located at the center of the femoral head. 
This area coincides with  the  intersection of  the compressive 
Table 2. Studies examining tip-to-apex distance (TAD) and screw placement 
Study Recommended TAD Position with ↑ cut-out Optimum position
Hseuh et al. 2010 < 15 mm Superior and inferior/posterior Middle/middle or inferior/middle
Pervez et al. 2004 < 20 mm Superior and anterior
Gundle et al. 1995  Superior and posterior
Baumgaertner 1995 < 25 mm Superior and posterior
Parker 1992  Superior and posterior Central and inferior
Davis et al. 1990  Posterior Central
Mainds and Newman 1989  Superior Central and inferior 
Figure 4. Structural model index (SMI, with 95% CI) at different sites 
in the femoral head. 









Figure 7. Failure stress in the femoral head (with 95% CI).







































implant  device  gains  fixation  in  this  area.  “Inferior/middle” 
placement  may  also  achieve  stable  fixation  superior  to  the 
implant.  Using TAD  alone may  result  in  the  acceptance  of 
superiorly, anteriorly, or posteriorly placed implants, leading 




subchondral bone at  the apex of  the  femoral head  is of  low 
density and strength. 
The  present  study  was  limited  by  the  small  number  of 
specimens.  Despite  this  limitation,  we  have  demonstrated 
statistically  significant  variation  in  strength  and  architecture 
in the femoral head. Future studies should examine age- and 
sex-related  changes  in  the  femoral  head,  in  an  in  vivo  set-
ting. Advances in imaging techniques such as high-resolution 
peripheral quantititave computed tomography may allow this. 
We were  also  limited  by  not  being  able  to  test  the  femoral 
head  cubes  that  were  imaged mechanically.  This  limitation 
occurred due to the time taken for microCT scanning; a femo-



































Fajardo  R  J,  Muller  R.  Three-dimensional  analysis  of  nonhuman  primate 

































Figure 8. Coronal reformat of microCT scan of a femoral head and 
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